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Abstract
The photodissociation dynamics of jet-cooled CH 2 BrI are investigated in the near-ultraviolet (UV) region from 280 -310 nm using velocity map imaging. We report the translational and internal energy distributions of the CH 2 Br radical and ground state I ( 2 P 3/2 ) or spin-orbit excited I ( 2 P 1/2 ) fragments determined by velocity map imaging of the ionized iodine fragments following 2+1 resonance-enhanced multiphoton ionization of the nascent neutral iodine products. The velocity distributions indicate that most of the available energy is partitioned into the internal energy of the CH 2 Br radical with only modest translational excitation imparted to the co-fragments, which is consistent with a simple impulsive model. Furthermore, from extrapolation of the velocity distribution results, the first determination of the C-I bond dissociation energy of CH 2 BrI is D 0 = 16790 ± 590 cm -1 . The ion images appear anisotropic, indicative of a prompt dissociation, and the derived anisotropy parameters are consistently positive. Additionally, the angular distributions report on the electronic excited state dynamics, which validate recent works characterizing the electronic states responsible for the first absorption band of CH 2 BrI. In the current work, photolysis of CH 2 BrI on the red edge of the absorption spectrum reveals an additional channel producing I ( 2 P 3/2 ) fragments.
v Chapter 1: Introduction
Halogens
Halogens exert a powerful influence on the chemical composition of the troposphere and can affect the fate of organic and inorganic pollutants. 1, 2 These effects may indirectly control the climate through the formation of cloud condensation nuclei or absorption of solar radiation.
Halogen cycles also affect methane, ozone and other chemically reactive particles, which can change the oxidative capacity of the troposphere. The most abundant oxidizing agent of the troposphere is the hydroxyl radical (OH), and one source of OH arises from the daytime photolysis of ozone (O 3 ) . Thus the abundance of O 3 is a crucial factor in governing the oxidizing capacity of the troposphere. 1, 2 OH is generated from the photolysis of O 3 ; the threshold for the reaction is ~300-320 nm but wavelengths shorter than 300 nm will also cause photolysis to occur. The catalytic destruction of O 3 can be accomplished in a direct or indirect fashion in various cycles. As the reactions in the troposphere are in a complex equilibrium with many species, only some of the reaction steps are discussed. Radical chemistry in the atmosphere involves 3 main steps: initiation (1), propagation (2) and termination (3) reactions. 1, 2 In initiation, the bond of a single species breaks to produce two radicals. In propagation, a radical and a non-radical react to conserve the number of radicals. In termination, two radicals form non-radical products. 
XO + XO → OXO + X (8) XO is also implicated in the formation of new particles, in which XO polymerizes and forms ultrafine aerosols (8) . Specifically, iodine oxides has been studied greatly over the recent years due to its role in aerosol formation. The process of iodine oxide particle formation is thought to involve the reaction of IO and OIO radicals to form even higher oxides particles, which can then condense spontaneously. The particles could act as condensation nuclei for other vapors in the atmosphere and grow to a size to become cloud condensation nuclei (CCN).
Large concentrations of iodine oxides can impact the radiative balance and albedo of the atmosphere and control climate indirectly. 1, 2 Other halogen radical producing molecules such as Chlorofluorocarbons (CFCs) require shorter wavelengths to produce a leaving group. These wavelengths are not as available in the troposphere, and as such FO and ClO radicals are less likely to be produced in the troposphere. Due to the mixing of the atmosphere and weather, CFCs are more likely to be updrafted to the stratosphere, where the high energy wavelength are available and stratospheric ozone destruction can occur. Thus, aerosol formation reactions with only IO radicals are thought to be significant in the troposphere. 2
Halocarbons
The origin of halocarbon species in the troposphere primarily stems from various types of microalgae and phytoplankton near coastal regions and open oceans. 1, 2 
The troposphere is designated as the layer of the atmosphere up to 11 km from sea level. As shown in Figure The absorption cross section of CH 2 Br 2 , CH 2 I 2 and CH 2 BrI were measured by Mössinger et al. In Figure 2a , CH 2 Br 2 shows a minimal overlap with the solar spectrum of the troposphere.
Having a very weak absorption at 290 nm, its major removal process from the troposphere is predicted to be reaction with OH radicals instead of UV photolysis. It exhibits only one broadband absorption peak at 210 nm due to the promotion of a nonbonding electron on the Br atom to an antibonding σ* C-Br bond orbital. 3 In contrast, CH 2 I 2 and CH 2 BrI have considerably stronger absorption profiles with greater overlap in the solar window of the troposphere. In Figure 2b , CH 2 I 2 shows high absorptivity above 290 nm, thus its major loss process is predicted to be photolysis in the troposphere. In contrast, CH 2 BrI exhibits two maxima at 215, 267 nm. The bands can be assigned to the promotion of a non-bonding electron on the Br atom to an antibonding σ* orbital on the C-Br bond and the promotion of a non-bonding electron on the iodine to an antibonding σ* on the C-I bond, respectively. There is some degree of coupling between the C-I and C-Br chromophores as both absorptions bands are red-shifted and more intense compared to those of CH 3 I and CH 3 Br. The red shift is thought to be due to the fact that dihalomethanes have more of positive charge on the central carbon atom compared to monohalomethanes. This stabilizes the antibonding orbitals, decreasing the energy of the lowest unoccupied molecular orbital, and produces a red shift in the absorption spectra. 3 Further discussion and the absorption cross-section of CH 2 BrI will be given in Chapter 2.
Velocity Map Imaging
Velocity Map Imaging (VMI) has been refined over 30 years of research. In contrast to conventional time-of-flight methods, VMI simultaneously extracts information on both the kinetic energy and angular distribution of photofragments from dissociation. 16 
where V R is the repeller plate voltage, q is the charge of the particle, m is the mass, and t is the arrival time. 16 As the Newton Sphere hits the detector, a picture is captured with a camera. The mapping is such that particles with the same mass and similar velocities appear on the same radial position on the detector which are imaged. 16 The relation between expansion speed v , time-of-flight t and radius R of the ring appearing on the image is described as R=Nvt , where N is the magnification factor. The magnification factor is how much larger the images appears based on the expected expansion speed and time-of-flight, and it is an inherent factor of the individual VMI apparatus. 16 The factor N is what allows the data collected to be compared between different instruments. N must be determined by calibrating the instrument with a molecule with a well defined dissociation energy. This process will be discussed further in Chapter 2. From the 2-D image, the full three-dimensional information can be reconstructed by means of an inverse Abel transformation. 16 The inverse Abel transformation integrates the velocity distribution over the polar angle of the image. This velocity distribution can then be converted to total kinetic energy release (TKER) based on the conservation of momentum T = 2 . Other information such as the anisotropy ( β) of the system can also be extracted from the image by the inverse Abel transformation.
Beta Parameter
The β parameter is the numerical representation of the state symmetry of the products and the anisotropy of the general system. The intensity of a radial distribution can be described
where θ is the angle between the recoil direction ( ) and the ∝ polarization of the UV laser/transitional dipole moment of the molecule ( ), and P 2 is a second-order Legendre polynomial. The β parameter can then be expressed as β = 2<P 2 ( cos θ)> in the limit of a prompt dissociation. When the dissociation lifetime is shorter than the rotation period of the molecule, a non-zero β parameter is given. Figure 4 illustrates a general scheme for the dissociation of a diatomic molecule. For a parallel transition between states of the same symmetry, μ and ν are parallel to each other. In this case, β is positive with a maximum value of +2. For a perpendicular transition between states of different symmetry, μ and ν are orthogonal, therefore yielding a negative β value with a minimum of -1. In either limiting case, the dissociation lifetime is faster than the rotational period of the parent molecule, leading to an anisotropic distribution of detected photofragments striking the detector on the polar and equatorial regions. If β = 0 , then it indicates that the rotational period of the molecule is greater than the dissociation lifetime. In this case, the memory of the initial polarization of the molecule is lost since the parent molecule has some time after excitation to undergo rotation.
Thus, the probability is uniform that the fragments will impinge on the detector at any angle in an isotropic fashion. 
Chapter 2 -Experimental Methods
Supersonic Jet expansion
The experiment was carried out using a supersonic jet expansion to create an intense molecular beam. This technique focuses on reducing the thermal energy of the species of interest, narrowing the velocity distribution, and achieving low gas density such that intermolecular interactions are negligible. 33 The target molecule is transported by a high pressure inert carrier gas, such as argon, neon, or helium into a vacuum chamber. By using an nozzle orifice size that is much greater than the mean free path of the gas, random atomic motion is converted into directed flow, collisionally cooling the gas, increasing the velocity and narrowing the velocity distribution. Internal energy of the target molecule is collisionally passed into the translational modes of the carrier gas. Upon entering the vacuum chamber, the ultra low gas density enters a collision free zone and the resulting halt of collisions freeze the distribution of the various degrees of freedom resulting in a highly nonequilibrium state, allowing for probing of the their distributions. The cooled molecules typically obtain internal temperatures of 10-20 K, 2-5 K, <1 K for vibrational, rotational and translational degrees of freedom, respectively. Therefore, supersonic jet cooling virtually eliminates all "internally hot" molecules allowing for measurements at the lowest electronic and vibrational level, and at a narrow distribution of rotational levels. 33 
Velocity Map Imaging Apparatus
We carried out experiments in a recently constructed velocity map imaging apparatus.
The vacuum chamber is divided into two regions (source and detection) and are differentially-pumped using turbomoleculars pumps (Osaka), which are each evacuated by a mechanical pump (Leybold). Baseline standby pressures for both chamber are at ~10 -8 torr, and typical operating pressures are at ~10 -6 torr. Sample is introduced into the source chamber by the supersonic jet, and subsequently enters the collision-free laser interaction region between the repeller and the first extractor plates. Here, the unskimmed molecular beam is intersected perpendicularly by a UV laser. The UV laser radiation is generated by frequency-doubling the tunable output of a Nd:YAG pumped dye laser (Radiant Dyes, NarrowScan). The UV laser polarization is aligned parallel to the plane of the detector and the beam is loosely focused with a 50 cm focal length lens.
The ion cloud is accelerated on axis with the molecular beam by a stack of ion optics comprised of four electrodes, the design of which is similar to the schematic shown in Figure 5 . The velocity map imaging spectrometer was calibrated by using nitric oxide (NO) and O 2 .
A solution of 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) dye dissolved in methanol was used to generate 678 nm light, and tripled to 226 nm UV to detect and ionize NO. As NO does not dissociate under weak intensities of UV, it was was used as a guide to align the ion optics such that the ion beam would point to the center of the MCP/CCD camera. The initial alignment was done by physically adjusting the position of the ion optics, while secondary alignment was done through adjusting voltage ratios between the plates.
After the ion optics were aligned, O 2 was used to calibrate the VMI instrument according to the well-known photodissociation energies of O 2 to O-atoms. 16 During the initial calibration experiments, O-atoms are generated from O 2 photolysis and imaged using 2+1 REMPI at 226 nm using a mixture of DCM/LDS 96 dye. The velocity mapping is obtained with an extractor-to-repeller ratio of 0.83, and verified with simulation using SIMION. 34 
Introduction
As discussed in Chapter 1 and illustrated below in Figure 6 , the absorption feature of CH 2 BrI at approximately 270 nm is attributed to a n I → σ* C-I electronic-transition. Therefore, the near-UV region is dominated by two channels forming I atoms either in the ground state [I As a bichromophoric molecule, CH 2 BrI has been the subject of previous experimental studies focusing on the excited state, bond-selective fragmentation towards I/I* and Br/Br*. [7] [8] [9] [10] [11] Lee and Bersohn investigated the photodissociation of CH 2 BrI with a broadband light source extending from 240 to 340 nm using mass spectrometry, and reported rapid photodissociation with a measured anisotropy of β = 1.42 ± 0.14 from I atom products. 7 Butler and co-workers performed photofragment translational spectroscopy to measure the branching to I/I*, Br/Br*, and IBr following excitation at 193, 210 and 248 nm. 8 , 9 Upon photolysis at 248 nm, the authors determined that I/I* formation were the primary dissociation channels, and to model the data, an and theoretical calculations to understand the dynamics at the peak of the A band. 12 The current study employs velocity map imaging to examine the near-UV photodissociation dynamics of CH 2 BrI across the 280-310 nm range superimposed on the absorption spectrum in Figure 6 . As discussed in Chapter 1, these wavelength are within the solar window and have appreciable actinic flux to simulate conditions in the troposphere. By measuring the velocity distributions of I and I* photoproducts and extrapolating the results, the bond dissociation energy ( D 0 ) is determined along with the relative energy partitioning to translation and rovibrational states of the CH 2 Br co-fragment. Furthermore, simultaneous collection of the angular distributions facilitates a mechanistic interpretation of the dissociation dynamics in the first absorption band, which is explored by comparison to high-level theoretical calculations.
Experimental Methods
The molecule of interest, CH 2 BrI (98%) was purchased from AK Scientific and used without further purification. The sample is held in a stainless-steel vessel and kept dark at all times. A pulsed supersonic expansion generates a molecular beam of CH 2 BrI (~ 10%) from a solenoid valve (Parker Hannifin, Series 9) into the source chamber using argon as the inert carrier gas with a backing pressure of 20 psi.
During the one-laser experiments, the dye laser UV output operates as the photolysis and probe source to detect I or I* atoms. The wavelengths are selected across the first absorption band of CH 2 BrI from 280 -310 nm to coincide with 2+1 resonance-enhanced multiphoton ionization (REMPI) transitions of I or I* fragments for state-selective ionization.
During image acquisitions, the laser is continuously scanned over the absorption Doppler profile. A wavelength meter (Coherent WaveMaster) is used to verify the atomic iodine REMPI transitions. To reduce multiphoton effects, the UV power is kept below 0.5 mJ/pulse. Table 1 lists the resonant wavelengths employed, along with the corresponding initial and intermediate states. 
Wavelength (nm)
Results
Upon absorption in the near-UV region, CH 2 BrI undergoes dissociation to CH 2 Br and I or I* products. Velocity map ion images are acquired for I or I* photofragments at wavelengths corresponding to specific 2+1 atomic iodine REMPI transitions stated in Table 1 components at the three photolysis wavelengths consistently peak at lower translational energy, whereas the more intense G2 features extend over 4000 cm -1 at higher energy. In all cases, the maximum velocity imparted to I fragments observed in the images falls well below the available energy to the system following photochemical activation. Table 2 lists the total available energy (E avl ), the average total kinetic energy release (〈TKER〉), and the average internal energy of CH 2 Br radicals (E int ) of the G1 and G2 Gaussian components at each photolysis wavelength. In contrast, the images and resultant TKER distributions collected by probing I* contain much more narrow velocity distributions. Indeed, the TKER distributions illustrated in Figure   8d -f can be described with a single Gaussian component G1*. The corresponding quantities obtained from the G1* TKER distributions at each wavelength are listed in Table 3 . Generally, each G1* feature peaks near 2300-3300 cm -1 , and exhibits a fwhm in excess of 1000 cm -1 . For both I and I* TKER distributions, the features shift to greater translational energy and become more broadened as the available energy increases. Table 3 . Total available energy ( E avl ), average total kinetic energy release (TKER), average internal energy of CH 2 Br ( E int ), and anisotropy parameter ( β ) for I* photoproducts with component G1* at several wavelengths. Energies are given in cm -1 .
The I and I* images in Figure 7 appear to be anisotropic, indicating that the dissociation process at all wavelengths occurs on a faster timescale than the rotational period ( τ ≤ 10 ps) of CH 2 BrI, determined from microwave spectroscopy rotational constants. 17 Table 2 for I photofragments, the G1 components have an average β = 1.65, 1.56, and 1.48 at 279.71, 298.23, and 308.15 nm wavelengths, respectively. Taken together, the G1 components on average have an observed β ~ 1.56, while the G2 components generally have β ~ 0.94 using the same procedure. Reconstruction of the I* images yields the corresponding TKER distributions in Figure 8d -f with the G1* components having average β values of ~1.08 (Table 3 ). Since the G2 and G1* components have similar β values, this indicates that the fragments arise from electronic excited states sharing the same symmetry, which is further examined in the Discussion section. Overall, the derived β parameters are positive for each ion image and confirm that the angular distributions are indeed anisotropic.
Discussion
The TKER distributions shown in Figure 8 for I and I* may be fitted using Gaussian components G1/G2 and G1*, respectively. The peaks of the Gaussian components clearly shift in a linear fashion to larger translational energy over the wavelength range studied, consistent with increasing available energy. Assuming that the peak positions continue this linear relationship to the dissociation limit, a straight line can be fitted to the data to determine the C-I bond dissociation energy ( D 0 ). The value of D 0 is determined in Figure 9 by plotting the Gaussian component peak positions (G2 and G1*) versus the difference of the photolysis wavelength energy and the atomic iodine spin-orbit energy (7602.58 cm -1 for I*). The spin-orbit energy is the gap in energy between I and I*, and it must be subtracted from the G1* peak positions to extrapolate to the same energy level as I. Extrapolating to zero total kinetic energy reveals a value of D 0 = 16790 ± 590 cm -1 for CH 2 BrI → CH 2 Br + I, where the reported uncertainty is from the fit. It is noted that there may be a systematic error that is not taken into account in determining the accuracy of D 0 . However, a comparison of the C-I bond dissociation energy of CH 2 BrI with other dihalocarbons in the literature including CH 2 I 2 ( D 0 = 17380 cm -1 ) 18 and CH 2 ClI ( D 0 = 17070 cm -1 ) 19 shows excellent agreement. The spin-coupled potential energy surfaces for CH 2 BrI in the ground and excited electronic states were first calculated by Liu and co-workers using the MS-CASPT2 method with CASSCF geometries. 4 The surfaces were obtained by scanning the C-I bond reaction coordinate while keeping all other coordinates fixed. Recently, Poullain et. al. conducted a combined velocity map imaging and theoretical study on the photochemistry of CH 2 BrI using 266 and 210 nm excitation wavelengths near the absorption profile maxima and detecting iodine and bromine fragments. 12 The potential energy surfaces were calculated at the CASSCF The transition dipole moments (TDMs) were calculated by Poullain and co-workers with respect to each axis using the CIS method. Employing the authors' notation, the XY plane lies in the Br-C-I plane with the Y axis defined by the C-I bond of CH 2 BrI shown as an inset in Figure   10 Shown in Figure 8a -c, the present TKER distributions for CH 2 Br + I display two features that may be fitted with Gaussian components G1 and G2. The average β parameter determined for G1 is ~1.56 on average, while that for G2 is β ~ 0.94. Moreover, a single feature (G1*) is observed for the TKER distributions for CH 2 Br + I* with an average β ~ 1.08. Previous studies on the UV photolysis of CH 2 I 2 , CH 2 BrCl, and CH 2 ICl have also shown similar bimodal TKER distributions for ground-state atomic photofragments. 18 , 20 , 21 Mechanistic interpretations of the near-UV photodissociation dynamics of CH 2 BrI emerge that are consistent with theoretical predictions and the present experimental results. In particular, the β parameters yield insight into the symmetry of the excited states involved in the dissociation process. One possible explanation for the TKER distributions and the β values for the Gaussian components observed in the current work is similar to that invoked by Poullain for I* production, whereby absorption is primarily to the 5A′ state followed by nonadiabatic population transfer at the seam of the conical intersection to the 4A′/4A′′ states. As dissociation occurs along the C-I bond reaction coordinate, nonadiabatic curve crossing from 5A′ to 4A′′, for example, would require vibrational modes of the correct symmetry to couple these electronic states, therefore allowing population transfer in an otherwise symmetry-forbidden process. For the TKER distributions, this mechanism would yield β parameters for Gaussian components that would correspond to a lowering of β from the 5A′ state to the 4A′′ electronic state due to nuclear motions generated during the nonadiabatic transition. However, this mechanism would not account for the large β values observed for G1 components.
Another possible explanation for the photodissociation mechanism is simultaneous excitation to the 5A′ and 4A′ electronic states, which are predicted to be nearby in energy in the 
where hν is the photolysis photon energy, D 0 is the bond dissociation energy for CH 2 Using a simple impulsive model, the extent to which the available energy is partitioned to translation, rotation, and vibration from C-I bond breaking may be determined. 26 , 27 Assuming the repulsion between the carbon and iodine atoms to be instantaneous during dissociation, the model predicts the fractional energy in translation to be the ratio of the reduced mass of the separating atoms with respect to the reduced mass of the final photofragments. Thus, the simple impulsive model results in 20% of the available energy is disposed as translation, while 80% flows into the accessible rotational and vibrational states of CH 2 Br ( f rot = 13%; f vib = 67%).
While the predicted results are qualitatively consistent with the experimental data, the simple impulsive model underestimates the translational energy fraction (and overestimates the CH 2 BrI internal energy). The simple impulsive model is straightforward to implement and presupposes a certain form of the excited state potential energy surface, but it has typically resulted in a lower calculated translational energy in other halocarbon studies as well. 18 , 20 , 28 , 29 A model incorporating the reflection principle 26 which takes the shape of the excited state potential energy surface into account would likely yield better agreement with the experimental data.
However, such a calculation is beyond the scope of this work.
The photolysis rate of atmospheric CH 2 BrI has previously been determined to be approximately 2.73 10 -4 s -1 calculated from its absorption cross section σ ( λ ) and the actinic × solar flux F ( λ ). 3 The absorption spectrum of CH 2 BrI overlaps appreciably with the tropospheric solar window, therefore leading to its very short lifetime of approximately one hour. Indeed, the present experimental results indicate that the CH 2 Br co-fragment is highly internally excited from the near-UV photolysis of CH 2 BrI. Using conservation of energy, the most intense feature in Figure 8c showing the TKER distribution for I atoms using 279.71 nm photolysis is ~5800 cm -1 , which corresponds to an internal energy of ~13,200 cm -1 for CH 2 Br radicals. In the marine boundary layer, the reaction of CH 2 Br radicals with ambient O 2 is important due to the formation of the CH 2 BrOO peroxy radical. 30 , 31 Due to the large atmospheric number density of O 2 (~10 18 molecules‧cm -3 ), this reaction to yield the CH 2 BrOO intermediate is anticipated to occur on an extremely fast time scale of less than 10 -6 s. The main decomposition pathways of CH 2 BrOO involve either self-reaction ( k = 1.1 ± 0.4 10 -12 cm 3 molecule -1 ‧s -1 ) or reaction with other × atmospheric species such as HO 2 ( k = 6.7 ± 3.8 10 -12 cm 3 molecule -1 ‧s -1 ) that eventually × generate Br radicals to further catalyze ozone depletion. 32 However, the relatively low atmospheric abundance of species such as HO 2 that are reactive to CH 2 BrOO ensures that this intermediate will be thermalized due to atmospheric collisional stabilization prior to further reaction.
Chapter 4 -Conclusion
The near-UV photodissociation dynamics of CH 2 BrI is investigated using velocity map imaging over the 280 -310 nm range with state-selective detection of I and I* photofragments. 
